La 0.67 Sr 0.33 MnO 3 thin films exhibiting a highly (001)-plane oriented and polycrystalline structure with a variable amount of (011)-textured crystallites have been grown in situ by RF magnetron sputtering on crystalline MgO(001) substrates by changing deposition temperature from 550 to 800 °C. Competing contribution of grains and grain boundaries to resistivity and magnetoresistance of the films has been investigated at T = (78-330) K. A model based on two parallel channels of current flow across grain boundaries has been applied to explain coexistence of low (LFMR) and high field (HFMR) magnetoresistance effects in the polycrystalline films at low temperatures. The LFMR effect has been understood assuming tunnelling of spin-polarized carriers via magnetic field-driven tunnelling barriers formed naturally between neighbouring misoriented grains. Meanwhile, the HFMR phenomenon has been associated with magnetic field-dependent hopping of carriers via the intergrain regions with reduced carrier density. Importance of the phase separation phenomenon on possible inhomogeneity of the material at grain boundaries has been discussed.
Introduction
Lanthanum manganites referred to as La 1-x A x MnO 3 (A=Ca, Sr, Ba) are attractive due to the paramagnetic-ferromagnetic (PM-FM) phase transition and the large so-called colossal magnetoresistance (CMR) observed in the vicinity of the Curie temperature T C . CMR is an intrinsic effect originating from double exchange between neighbouring manganese ions. Strontium-doped manganite, La 0.67 Sr 0.33 MnO 3 (LSMO), exhibiting the highest T C value (~350 K) among the member compounds, provides special interest for room temperature applications although operation of the devices based on the CMR effect in high crystalline quality material is limited due to a relatively strong magnetic field (μ 0 H > 1.0 T) and a narrow temperature range just below T C [1, 2] .
During the last years, increasing attention has been paid to polycrystalline manganites demonstrating a significant grain boundary-governed (extrinsic) magnetoresistance at low fields. The low field magnetoresistance (LFMR) values up to about 30% have been measured for bulk ceramics and thin films at relatively low magnetic fields (μ 0 H < 0.1 T) and low temperatures (T << T C ) where the CMR ratios are vanishingly small for single crystals or epitaxial films of the same composition [1] [2] [3] [4] [5] . Investigation of single grain boundaries (GBs) formed by growing the manganite films on bicrystal substrates revealed gradual decrease of the LFMR values with temperature increasing up to T C . Clearly defined nonlinear current-voltage (I-V) relations have been reported additionally for the device structures containing the artificially formed GBs [6] [7] [8] [9] .
In addition to the LFMR phenomenon, polycrystalline manganites demonstrate magnetoresistance at high magnetic fields (HFMR). In contrast to the intrinsic CMR effect, significant HFMR values were indicated in the whole temperature range below T C [1] [2] [3] . A great number of bulk ceramic samples, polycrystalline thin films, step edge junctions and single artificial GBs have been investigated although the origin of complex magnetotransport phenomena in polycrystalline manganites is still under debate [1-3, 10, 11] .
Tunnelling of spin-polarized carriers across the GBs described by the well-known Julliere theory [12] has been proposed to explain the LFMR phenomenon in polycrystalline manganites [9, 13] . The origin of tunnel barrier has been associated with the band bending effect due to the suppressed magnetic order close to GBs [7] . The observed nonlinear I-V behaviour of a single GB has been understood taking into account additional tunnelling of carriers across an insulating barrier containing high density of localized defect states [2, 6, 7] . However, significant magnetoresistance of polycrystalline manganites at high fields (HFMR) cannot be accounted for by applying the proposed tunnelling model.
The alternative theories, i. e. the mesoscopic media model based on hopping of carriers in the GB region polarized by the adjacent magnetically soft grains [14] and the model based on spin-dependent scattering of carriers at the edges of ferromagnetic grains [5] , have been used also to explain the LFMR effect. Note, however, that nonlinear I-V characteristics reported for the artificial junctions cannot be explained within these models. There were also attempts to explain magnetoresistance at high external magnetic fields. The HFMR in polycrystalline manganites has been associated with the evolution of band structure at GBs taking into account the magnetic field-driven barrier height [15, 16] . The HFMR effect in polycrystalline LSMO films grown on polycrystalline Al 2 O 3 substrates has been modeled by applying a modified Mott's hoping transport and assuming that GBs might be ferromagnetic with reduced Currier temperature T C in respect to that of grains [17] .
A concept based on a nonuniform current flow across the GBs has been carried out by a number of authors to explain the enhanced resistivity and complex magnetotransport properties in polycrystalline manganites [18, 19] and single GBs. A twochannel model with current flowing via perfect interconnections between grains exhibiting metallic conductivity and those exhibiting poor connectivity has been suggested [18] although the origin of nonuniform current flow via GBs has not yet been fully understood. There is still a great need to study complex magnetotransport properties of polycrystalline manganites taking into account different microstructure and preparation conditions of various systems and particularly thin films. Certainly, GBs in bulk ceramics and thin films are usually formed under different technological conditions. The crystalline quality and grain size of bulk ceramics may be tuned by varying either the synthesis temperature or annealing duration while the microstructure of thin films is usually defined by deposition temperature, T s , crystallinity of a substrate and possible lattice mismatch. The key importance of T s for crystallinity and magnetotransport properties has been pointed out recently for the LSMO films grown on lattice-mismatched YSZ substrates [9] .
The goal of this work was to investigate possible variation of magnetotransport properties of (001)-plane textured LSMO thin films when grown by RF magnetron sputtering on single crystal MgO(001) substrates exhibiting significant lattice mismatch (of about 8.0%) in respect to the film material. It was found that the amount of (001)-plane misoriented grains may be tuned in a controlled manner by changing substrate temperature in the range 550-800 °C. Grain boundary-governed magnetotransport properties of the grown films, i. e. temperature dependent enhanced resistivity as well as the LFMR and HFMR effects, were investigated for various films in a wide temperature range below T C . Variation of the observed magnetotransport properties has been analyzed within the framework of the existing phenomenological models.
Experiment
The LSMO films were grown in situ on cleaved (001) faces of a cubic MgO single crystal (a c ≅ 0.421 nm) by radio frequency magnetron sputtering of a diskshaped ceramic target with a diameter of 25 mm and chemical composition La 0.67 Sr 0.33 MnO 3 . The Ar-O 2 (1:1) gas mixture with partial oxygen pressure of about 15 Pa was used for sputtering. During deposition, the substrates were kept at fixed temperatures ranging from 550 to 800 °C. After the deposition, all the films were cooled down slowly to room temperature under oxygen pressure of about 5 × 104 Pa to fully saturate the films by oxygen. Hereafter in the text, the films are marked according to their deposition temperatures 500-800 °C by L500-L800, respectively.
The thickness of the prepared films measured by a DEKTAK 6M profillometer ranged typically from 150 to 200 nm. The growth rate of the films was 2-3 nm/min. The crystalline structure of the films was investigated by measuring X-ray diffraction patterns in Θ-2Θ geometry using CuK α radiation. Surface morphology of the grown films was investigated by a scanning probe atomic force microscope (AFM) Dimension 3100 (Digital Instruments) operating in a taping mode regime.
Stripe-like films with typical square dimensions (1.5 × 7.0 mm 2 ) were used for electrical measurements. Electrical resistance and magnetoresistance defined as MR = [R(H)-R(0)]/R(0) were measured in a wide temperature range (T = 78-350 K) by applying the four-probe method and using DC current of 0.1 mA.
Results
Typical Θ-2Θ XRD scans measured for the L800 and L600 films are shown in Fig. 1 . Clearly defined (001) and (002) XRD patterns seen for the L800 film certify highly oriented oxide material with crystallographic planes of (001) type oriented parallel to the film plane. Meanwhile, relatively weak additional (011) XRD reflexes have been indicated for the films grown at 750 °C and lower temperatures. Intensity of these reflexes was found to increase with substrate temperature decreasing although the (001) texture has been indicated as dominating for all the grown films. The out-of-plane lattice parameter of a pseudocubic unit cell, a c , of about 0.3875 nm estimated for the highly textured L800 film from the (002) reflection patterns is in good coincidence with that indicated for the bulk material of the same composition. It means that the lattice strain caused by the MgO substrate was nearly relaxed in the films. Slightly higher a c value (of about 0.3890 nm) indicated in this work for the L550 film may, probably, be associated with increased density of point defects due to relatively low film growth temperature.
The averaged grain size estimated for various films was found to decrease from about 286 to 45 nm with substrate temperature, T s , decreasing from 800 to 550 °C (see Table 1 ). Resistivity versus temperature, ρ(T), of the LSMO films grown on MgO(001) substrates at different temperatures (T s = 550-800 °C) is shown in Fig. 3(a) . The measured ρ(T) dependence of the highly oriented L800 film seen in the figure is typical for the highest quality epitaxial LSMO films when grown on SrTiO 3 or other lattice-matched crystalline substrates [2] . The characteristic resistance peak seen for the film at T = T p ≈ 330 K and significant ρ decrease with T decreasing from T p down to about 270 K are a result of a paramagnetic insulator to ferromagnetic metal transition at the Curie temperature T c ≅ T p while almost linear ρ decrease with temperature lowering Fig. 1 . Θ-2Θ XRD reflexes measured for the L800 and L600 films grown on MgO(001) substrates at 800 and 600 °C, respectively. 
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Typical AFM surface images of two LSMO films grown on MgO substrates at 800 and 600 °C are displayed in Fig. 2(a, b) . The averaged surface roughness of the films ranged from 2.51 nm for the L800 film to about 4.22 nm for the L550 film. from 270 K down to 78 K is defined by temperaturedependent scattering process [20] .
In Fig. 3 (a) one can notice that ρ values of all polycrystalline LSMO films in the whole temperature range are significantly higher compared to that of the highly oriented L800 film. Gradual increase of ρ with T s decreasing from 800 to 550 °C demonstrate an increasing role of grain boundaries on resistivity of the grown polycrystalline films [2, 3] .
Magnetoresistance, MR = [R(H)-R(0)]/R(0)], measured for the same films at a fixed magnetic field (μ 0 H || = 0.73 T) applied parallel to a film plane, is shown in Fig. 3(b) . Following Fig. 3(b) we point out peak-like MR(H) anomalies with the highest negative MR of about 14% measured at T = 305 K for the highest crystalline quality L800 film. Polycrystalline films grown at 750, 700 and 650 °C showed similar MR(T) anomalies with reduced peak amplitudes while negligibly small MR values have been measured in the same temperature range for the films grown at low temperatures (T s = 600 and 550 °C).
In contrast, highly resistive polycrystalline L550 and L600 films demonstrated the highest MR values at low temperatures while a rather small negative MR value (≤0.2%) has been measured at 78 K for the highly oriented L800 film. Figure 4 shows MR of the highly oriented L800 film and polycrystalline L650 film measured at T = 300 K as a function of magnetic field applied parallel (H || ) and perpendicular (H^) to a film plane (see solid and open points in Fig. 4 , respectively). Significant MR anisotropy seen for the films in Fig. 4 can be attributed to shape-related magnetisation anisotropy [21, 22] . Higher negative magnetoresistance MR || values measured by applying magnetic field parallel to a film plane certify that easy axis of magnetization should be parallel to a film plane. MR of the highly oriented L800 film and polycrystalline L750, L650, L550 films measured at 78 K as a function of magnetic field applied parallel (H || ) and normal (H^) to a film plane is displayed in Fig. 5(a, b, c) . In the figure we point out the following: 1) clearly defined peak-like MR(H) anomalies at low magnetic fields (μ 0 H < 0.25 T); 2) significant hysteresis of the MR(H) curves; 3) MR anisotropy with applying magnetic field parallel and normal to a film plane; and 4) almost linear MR(H) behaviour for all the films at high magnetic fields (μ 0 H > 0.25 T).
It is important to note that the characteristic MR(H) peaks observed for all polycrystalline LSMO films at low magnetic fields decreased gradually with 
Discussion
The highest crystalline quality, i. e. highly (001)-plane oriented crystalline structure, has been identified in this work for the L800 film when grown by RF magnetron sputtering on MgO(001) single crystal substrate. This our finding is inconsistent with earlier report [23] certifying growth of high crystalline quality LSMO films on MgO(001) substrates at 800 °C in spite of large lattice mismatch (~8%). Resistivity versus temperature measurements also show high crystalline quality of the L800 film (see Fig. 3(a) ). Certainly, a clearly defined resistance drop seen for the film with temperature decreasing below T p (~330 K) is typical of the highest quality epitaxial LSMO films when grown on SrTiO 3 and other lattice-matched substrates [2] . Therefore we conclude that a significant resistance drop seen for the film at T < T p related to the PM-FM phase transition at the Curie temperature (T C ≅ T p ) and the observed peak-like MR behaviour below T p (the so-called CMR effect) represent intrinsic properties of highly (001)-plane oriented grains. We associate enhanced resistivity of all LSMO films grown in this work at lower temperatures with high angle grain boundaries which may be formed between dominating (001)-oriented grains and a certain temperature increasing from 78 K up to 300 K (see the MR(H) dependence in Fig. 4 measured for the L650 film at 300 K). Similar peak-like MR(H) behaviour at low magnetic field known as low field magnetoresistance (LFMR) has been reported earlier both for polycrystalline ceramics and thin films [1] [2] [3] [4] .
The LFMR values have been defined in this work as a difference between the MR peak values corresponding to the coercive field H c|| and those obtained by extrapolating linear MR(H) slopes (at high field) to the corresponding zero field values (see Fig. 5(a) ). relatively small amount of grains with (011) or other textures. We do believe that in the case of significant mismatch between LSMO and MgO lattice parameters high angle grain boundaries could be formed during early crystallization stages to reduce strains accommodated at the edges of (001)-plane oriented grains. High electrical resistance of these high angle grain boundaries may be caused by distorted chemical bonds, reduced crystallinity and occurrence of oxygen vacancies or other point defects in a close vicinity to the GBs. One can expect also that double exchange mechanism responsible for the ferromagnetic state might be suppressed at GBs giving rise to the appearance of highly resistive intergrain media [7] .
The enhanced electrical resistivity of polycrystalline manganite film, ρ(T), with current flowing via an array of grains and grain boundaries, can be understood by applying a simple quasi-linear 1D approximation [5] :
Here ρ G (T) and ρ GB (T) represent partial resistivity defined by grains and highly resistive GBs, d G , d GB are the averaged dimensions of grains and grain boundaries, respectively. It has been assumed for simplicity
It can be seen from Fig. 3(a) that resistivity of the L550 and L600 films at all temperatures is significantly higher compared to that of the L800 film. Therefore resistivity of these films should be defined mainly by the second term in (1) while the first term needs to be taken into account for the L750, L700 and L650 films demonstrating significantly lower resistivity values.
To reveal additional resistivity of polycrystalline LSMO films governed by GBs, in Fig. 6 we show the Δρ(T) plots obtained for various films by eliminating contribution of internal grain resistivity of the highest crystalline quality L800 film from the corresponding ρ(T) curves displayed in Fig. 3(a) . Presence of the characteristic maxima in the Δρ(T) plots with relatively low peak temperatures (T p ) may be associated with the PM-FM phase transition in the intergrain regions characterized by reduced carrier density compared to that inside the grains. Rather low T p values seen in the Δρ(T) plots of the L600 and L550 films and semiconductorlike ρ(T) behaviour observed for these films in a wide temperature range (down to T p ) may be understood assuming reduced carrier density in the intergrain region due to relatively low deposition temperatures. Certainly, lowering of the PM-FM transition temperature, T C , with carrier density decreasing is known to be a common feature of all manganite films [1, 2] .
Correlation of Δρ with the inverse grain size, 1/ d G (see Table 1 ), at T = 300 K and 78 K is shown in Fig. 7 . Both gradual increase of the Δρ values with 1/d G (Δρ ~ 1/d G ) seen in Fig. 7 for the L750, L700 and L650 films with the largest grains and almost parallel shift of the Δρ(T) plots for the same films in Fig. 6certify that in a wide range of deposition temperatures (T s = 650-750 °C) Δρ depends mainly on the density of GBs. This experimental finding is inconsistent with similar data reported for polycrystalline LCMO films [4] when grown on polycrystalline substrates. Meanwhile significantly enhanced Δρ values indicated for fine-grain films grown at the lowest temperatures (T s = 600 and 550 °C) demonstrate significant change of the additional resistivity with deposition temperature variation in the range 600-650 °C.
Specific GB-governed additional resistivity (Δρ · d G ) of about 10 -8 Ω cm 2 (at T = 78 K) can be evaluated from Fig. 7 for the L750, L700 and L650 films exhibiting the highest grain size. Meanwhile, significantly higher values (of about 10 -6 Ω cm 2 at T = 78 K) can be estimated from the same figure for the fine-grained films grown at T ≤ 650 °C. The estimated values may be compared to the specific grain boundary resistivity of 2 × 10 -5 Ω cm 2 reported earlier for polycrystalline La 0.7 Ca 0.3 MnO 3 (LCMO) films (at T = 10 K) [5] although significantly higher values (ranging from 10 -2 to 1 Ω cm 2 ) at T << T C have been found for the artificial GBs formed by growing the LCMO films on bicrystal substrates [7] .
We turn now to the discussion of contribution of grains and grain boundaries to MR of the prepared Fig. 6 . Temperature-dependent additional resistivity of polycrystalline LSMO films, Δρ, evaluated by eliminating internal resistivity of the highest crystalline quality L800 film from the corresponding ρ(T) plots in Fig. 5(a) .
LSMO films. From (1) we get the following expression to estimate MR of a polycrystalline manganite film:
where MR G and MR GB are constituent parts of film magnetoresistance defined by grains and grain boundaries, respectively, and α = ρ G /ρ. Let us concentrate in the beginning on high temperatures (just below T C ), where the highest negative CMR values of about 14% (at T = 305 K and μ 0 H || = 0.73 T) have been measured for the L800 film. It has been pointed out earlier that magnetoresistance defined by grain boundaries in both polycrystalline ceramics and LSMO thin films is the highest at low temperatures while the MR GB reduces down to negligibly small values at room temperature [2, 10, 13, 23] . Therefore the first term in (2) is dominating and MR of polycrystalline LSMO films at room and higher temperatures below T C should be defined mainly by grains rather than by GBs. It can be seen from (2) also that MR of polycrystalline films containing highly resistive GBs should be reduced compared to that of the highest quality L800 film by the factor α = ρ G /ρ (<1).
The MR values estimated for all polycrystalline LSMO films at T = 305 K from (2) referred to as MR*(305 K) are displayed in Table 2 . The highest intrinsic magnetoresistance of grains (MR G ) of -14% measured for the L800 film at 305 K has been used for the estimation while the α values for various polycrystalline films were obtained from the corresponding ρ(T) plots in Fig. 3(a) assuming for simplicity that grain resistivity of all polycrystalline films at 305 K is the same as that of the L800 film (ρ G = 6.0 mΩ cm). Taking into account good coincidence of the estimated MR*(305 K) values with the corresponding MR(305 K) data measured directly (see Table 2 ) we conclude that magnetoresistance of polycrystalline LSMO films at high temperatures (just below T C ) is defined mainly by the intrinsic CMR effect of grains. We certify also that a role of grains in MR of polycrystalline LSMO films at room and higher temperatures (T < T C ) is reduced due mainly to a significant (magnetic field independent) series resistance of GBs.
At low temperatures, i. e. at T = 78 K (<<T C ), one can notice in Fig. 3(a, b) that ρ >> ρ G and |MR G |<<|MR GB | for all polycrystalline LSMO films prepared in this work. So, we conclude that at T = 78 K the first term in (2) can be neglected and MR of all the grown polycrystalline LSMO films at low temperatures should be defined mainly by GBs.
To explain the LFMR effect indicated in this work for polycrystalline LSMO films at low temperatures (see Fig. 5 ) we concentrate on the most widely accepted model based on tunnelling of spin-polarized carriers between neighbouring ferromagnetic grains [7, 13] . It can be seen from It is important to note, however, that semiconductor-like ρ(T) behaviour indicated for the L550 and L600 films in a wide temperature range cannot be accounted for within the tunnelling model [7] . Certainly, high resistivity values and ρ(T) relations measured for the films show unambiguously the formation of highly resistive regions with reduced carrier density at GBs. Therefore semiconductor-like ρ(T) behaviour observed for the films may be understood assuming hopping carrier transport via the intergrain regions [10] . At the same time, magnetoresistive properties of GBs measured for the films at high fields, i. e. the HFMR effect, may be ascribed to an alignment of disordered spins in the intergrain regions (with lower magnetic order and reduced density of carriers) under the applied magnetic field favouring hopping carrier transport and thus reducing the GB resistance [17] . Complex magnetotransport properties of GBs in the prepared LSMO films, i. e. coexistence of the LFMR and HFMR effects, may be easily understood following the concept of spatially nonuniform current flow across the GBs via coexisting low and high conductivity channels [10, 18, 19, 25] . We associate the presence of two kinds of conductivity channels at GBs with the well-known phase separation phenomenon in doped manganites [2, 26] . Thermodynamic modelling of phase separation in manganites predicts two kinds of phase separation scenario: a) electronic phase separation leading to coexisting clusters of a nanometre scale with high and low carrier densities and b) disorder-induced phase separation with percolative characteristics of the FM clusters with a typical size up to 1.0 μm embedded in a highly resistive paramagnetic (PM) matrix. [2, 27] . Importance of the phase separation phenomenon leading to coexistence of the highly resistive PM phase with the metallic FM phase has been manifested by a number of authors to explain complex transport properties of polycrystalline manganites [1, 28, 29] .
We do believe that the most favourable conditions for the phase-separated state in the grown LSMO films could be realized at GBs due to a number of factors such as reduced carrier density, nonuniform strains caused by a substrate and possible microscopic structural nonhomogeneities [2, 27] . Taking into account reduced carrier density in the intergrain region, it is natural to expect that the FM state in the vicinity of GBs at T < T C appears in a form of FM clusters with a fixed carrier density embedded in the highly resistive PM matrix. Schematic drawing of a single GB (at T < T C ) demonstrating coexistence of highly conductive (FM) and highly resistive (PM) regions at the interface between the adjacent misoriented FM grains G1 and G2 is shown in the inset to Fig. 7 .
Following the simplified model of GB one can expect that spin-polarized tunnelling of carriers across GBs may only be realised via the FM regions located in front of each other at both sides of the interface. The LFMR effect may be easily understood taking into account current flowing in the conductive channel, i. e. via the conductive FM regions and a certain partial square (S tun ) of the FM-I-FM tunnel junction. Similarity of peak-like MR anomalies at low magnetic field seen in Fig. 3(b) for the L750, L650 and L550 films exhibiting different resistivity (see Fig. 3(a) ) can be understood assuming that carrier density in phase separated FM regions of various films is almost the same although partial volume of the FM phase regions is significantly reduced with deposition temperature decreasing.
Finally, MR of the grown polycrystalline LSMO films at high fields (HFMR effect) could be associated with magnetic field-driven hopping of carriers across the GBs and the adjacent highly resistive PM regions. Note also that MR of GBs at high magnetic fields could depend additionally on the magnetic field-driven partial volume of the FM phase in phaseseparated material at GBs.
Conclusions
LSMO thin films exhibiting a highly (001)-plane oriented and polycrystalline structure have been grown by magnetron sputtering on MgO(001) single crystal substrates at T = (550-800) °C. Competing contribution of grains and grain boundaries on temperature-dependent resistivity and magnetoresistance of the films has been elucidated. The highest negative MR values up to 14% at 300 K under magnetic field μ 0 H || = 0.73 T have been measured for highly oriented L800 films. Reduced MR values measured for all polycrystalline LSMO films (at 300 K) have been explained assuming additional magnetic field independent series resistance of grain boundaries.
Our investigations revealed the key importance of grain boundaries in polycrystalline LSMO films on both increased resistivity values and magnetoresistance at low temperatures. A model based on two parallel channels of carrier transport across grain boundaries has been used to explain coexistence of the LFMR and HFMR effects for polycrystalline LSMO films at low temperatures. The LFMR effect has been explained assuming tunneling of spin-polarized carriers via tunnelling barriers formed naturally between misoriented grains, while significant HFMR values measured for the films at T << T C have been associated with magnetic field-dependent hopping of carriers via the intergrain regions with reduced carrier density. We point out the key importance of the phase separation phenomenon for both microstructure of GBs and the resultant GB-governed complex magnetotransport phenomena in thin films of polycrystalline manganites.
